Abshacr -Micromagnetic modeling of small dimension magnetoresistive heads is reviewed. Recent simulation results are presented, pertaining to recording applications with high areal density nearing 1-10 Gigabits per square inch. The proper biasing and reproduce properties of the most interesting MR head configurations have been studied, in order to achieve design optimizations for ultra-high density MR heads. Initial comparisons between the performances of a shielded MR-SAL head and a dual MR head are obtained.
I. INTRODUCTION
Magnetoresistive (MR) sensors are now regarded as the future trend of reproduce heads for high density magnetic recording applications, both in rigid disk and tape recording [ 11. Recording systems achieving areal densities of 1 and 2 Gigabits per square inch have been demonstrated using MR heads [2-31. Future generation play-back heads under current technological development are limited exclusively to MR heads, for areal densities reaching 10 GB/iin2 and beyond. As the recording density increases, the geometric dimensions of the MR heads decrease correspondingly. The magnetic responses of these MR elements to recorded transitions are governed by micromagnetics [4] . and a detailed physical understanding of these properties will determine the ultimate. limitation and possible design optimization of recording systems.
Theoretical investigations of M R heads since Hunt's original work
[5] have undergone decades of evolution and development [6-211. The most important magnetic issues conceming the performance of MR heads remain unchanged regardless of the recording density or the physical dimensions: (1) proper biasing procedure to ensure a single domain state of the MR element, so that reproducible signal output can be achieved without Barkhausen noise [22] ; (2) proper biasing methods to activate an MR response within the linear region [22] ; (3) optimization of geometric dimensions and biasing conditions to achieve maximum signal output with tolerable signalto-noise ratio for high (or within a broad range of) recording densities.
A three-dimensional micromagnetic model [23] has been developed to provide predictions to all of the above issues. This method entails ab initio calculations of the biased magnetization state and the MR response to longitudinally recorded signals, as will be described in detail in the next sections.
MICROMAGNETIC MODEL AND SIMULATION
The magnetization dynamics is usually obtained by solving the Landau-Lifshitz equation with phenomenological damping due to ineinsic spin relaxation [ a ] :
where y is the gyromagnetic ratio. a is the dimensionless damping parameter, and Ms is the saturation magnetization. The effective magnetic field H includes the exchange, uniaxial anisotropy, magnetostatic and extemal fields [ a ] . Since the MR response is independent of relative head-medium speed [5] , the transient behavior of the magnetization dynamics is virtually irrelevant to play-back applications under most circumstances (except, for exam- we choose to use an energy minimization method to study the quasistatic equilibrium magnetization states. This is equivalent to setting the left hand side of (1) to zero, and iteratively forcing M to be parallel to the effective field H until convergence [23] . This approach usually yields faster convergence than directly solving (1).
The typical thickness of MR or adjacent biasing films for high density recording is below 200 A. much smaller than the in-plane dimensions, which are on the order of several thousand angstroms to several microns. We can therefore consider magnetizations that are mostly in the film plane and invariant across the film thickness direction. The discretization is only in the f i i plane. For the case where the MR f i i is biased by another soft adjacent layer (SAL) or MR layer, the close magnetostatic coupling between the two layers would induce a small out-of-plane magnetization component. This can be effectively accounted for using a modified in-plane magnetization distributions [141:
where x is along the track movement direction, y is along the sensor height, and z is along the cross-track direction. The magnetization vector is now in the y-z plane, and G(y.z) is the original magnetization without the out-of-plane modification. t is the film thickness. and w is the weight factor between magnetic volume and surface charges:
where Lex is the characteristic exchange length:
The magnetostatic interaction field is evaluated from the surface poles of the discretized rectangular boxes within which the modified magnetization (2) is assumed to be uniform. When the magnetizations in the two f i i s are anti-symmetric, the closest magnetostatic coupling is achieved, and the above dual layer approach is equivalent to a local demagnetization field approximation [17] . [26] . A finite bounded geometry is considered for the films. 
where 8 is the angle between the magnetization and the direction of the sensing current (assumed to be along z). For permalloy fiis.
typical Ap /PO = 2%, and the average MR response is simply the spatial average of mZ2 [ S I .
The reproduce performance of MR heads is investigated by playing back a medium recorded with longitudinal transitions of finite track-width. A schematic drawing of an unshielded MR head reading a recorded medium is shown in Fig. 1 . The stray field originating from the medium transition acting on the MR sensor is calculated, and the energy minimization iteration is carried out under this medium field, starting with the biased magnetization state (Hy = 0). In addition to this direct method, when the MR head is operating in a linear range, if it is properly biased transversely, a three-dimensional reciprocity method [28] is utilized to simulate the play-back process efficiently.
m. BIASING CHARACTERISTICS OF MR HEADS
For simplicity, we first investigate unshielded MR heads, starting with SAL biasing. The MR and SAL layers are both permallo films with 200 A thickness. separated by a spacing of g = 200 1. The stability of the MR sensor has been studied previously [16] . [18] .
[23], [25] . To achieve noise-free transfer curves here, we have assumed infinitely strong longitudinal exchange biasing at the edge regions of the MR and adjacent layer film. The active region is defined by this pattemed exchange bias [29] and the current lead ( Fig. 1) . No uniaxial anisotropy is assumed, since the magnetostatic energy dominates in such small dimension structures. The active read track-width is WR = 2 tun, and the sensor height is h = 1 p. The sensing current passes through the active area of the MR film, and the current density is kept at 5x107 A/cm2. Fig. 2 shows the MR transfer characteristics of this MR-SAL system with a common direction of exchange biasing (solid curve), as well as with an opposite direction (dashed curve). For the symmetrically pinned case, the transfer curve spans a broad range of external field The operating point, however, is biased within a linear region, which is much broader than the anti-symmetric pinning case. Similar phenomenon has been observed for a larger spacing [23] . albeit the difference is more dramatic in this case. The anti-symmetrically pinned MR response has a larger sensitivity (maximum linear slope), but experiences a minimum and a secondary peak at Hy = -100 Oe and -200 0% respectively.
Figs. 3(a-b) illustrate the biased state magnetization distributions of the symmetrically and anti-symmetrically pinned MR heads. In (a) or (b). the top plot corresponds to the MR film, while the bottom plot corresponds to the SAL. The magnetizations in all cases are quasisingle domain, indicating that the pattemed exchange biasing is sufficient to suppress noise sources. For the symmetric pinning case, the longitudinal z-components of the magnetizations are almost spatially symmetric; the transverse components are almost anti-symmetric, with biasing angle close to 45 degree in the center of the f i i . For anti-symmetric pinning, the magnetizations of the two films are almost completely anti-symmetric, resulting in an energetically favorable fluxclosure structure. As the external field is inaased along the negative ydirection, the SAL begins to rotate out of its original saturation direction towards the negative zdirectim; in order to achieve flux-closure coupling. the magnetization in the MR layer will rotate back towards the positive zdirection, increasing the magnetoresistance and resulting in the secondary peak shown in Fig.   2 . This phenomenon has also been observed in MR-SAL heads with mis-oriented anisotropy directions [30] ; here the shape anisotropy contribution from the magnetostatic interaction plays the role of the regular crystalline anisotropy. It is seen that the MR transfer function with anti-symmetric pinning changes its slope and curvature rather dramatically away from the operation point, and is more vulnerable to the out-of-saturation rotation of SAL magnetization. The MR response with symmetric MR-SAL exchange biasing is in general more preferable.
Assuming symmetric exchange biasing and keeping all other conditions unchanged, the sensor height h is varied from 0.5 to 2 pn in order to perform a margin tolerance study. Fig. 4 shows the dependence of the biasing level a Z 2 > and the operation point sensitivity (transfer curve slope at zero field) on the sensor heights.
The sensitivity increases for increasing h, due to reduced transverse demagnetization field. For a single domain magnetization distribution, this demagnetization field depends on the geometry of the film, especially on the in-plane aspect ratio S = WR / h [31] :
Therefore, the sensor height should not be made too small compared to the active track-width, otherwise the magnetization will predominantly stay in the longitudinal direction due to shape anisotropy. and the sensitivity will be degraded. On the other hand, the sensor height probably should not be too much larger than the track-width, since then the single domain state may not remain stable. The biasing level, however, exhibits an optimal minimum near h = 1 pn (at other sensor heights, the M R is more under-biased), due to the competing effects of the transverse demagnetizing field and the longitudinal biasing field arising from edge pinning. The biasing level for the shielded MR-SAL head is similar to the unshielded case, therefore the trends here can be regarded as reasonably general for most MR-SAL heads.
IV. REPRODUCE PROPERTIES OF UNSHIELDED HEADS
Given the biasing charachxistics, the next important question is the playback Properties of the MR heeds. This section discusses the reproduce prccess of unshielded heads, since the modeling method is (a) 
where J is the sensing current density, and the subscript 0 represents the biasing state without any medium field present. The medium field is calculated analytically resulting from an isolated, longitudinal transition, with linear (ramp) shape. uniform across the track-width.
A. Down-track Response
Fig . 5 shows the on-track read-back output voltage versus the down-track distance for opposite polarity transitions. The parameters for the unshielded MR-SAL head are the same as used in the last section. and the sensor height is 1 micron. The medium remanent magnetization is assumed to be Mr = 400 emdcc, the medium thickness is d = 200 A, the transition parameter is u = 200 A, and the distance from medium center to the air bearing surface is y = 500 A.
A 3 pm wide written track is assumed. It is seen that the unipolar pulse shape (which is typical for longitudinal playback) has a pulse width PW50 comparable to the MR sensor height. This could have a detrimental impact on high linear density signal, and can be remedied by utilizing a shielded MR head [32] or a dual MR head [33-341, as will be seen in the next section. In addition, it is observed that the positive and the negative pulses have different peak voltages, indicating the nonlinearity of the MR head in the transfer curve (Fig.   2 ). This peak asymmetry (PA) can be defined by a variety of ways [35] and we use the following: The peak-to-peak voltage and the peak asymmetry of the downtrack reproduce signal are plotted versus different sensor heights of MR head in Fig. 6 . All the other parameters remain unchanged. It is seen that the peak voltage achieves a maximum, and the peak asymmetry reaches an optimal minimum, both at the same sensor height, h = 1 pn. This sensor height has been shown to yield an optimum biasing level as well (Fig. 4) . Thexefore. with an active read track-width of 2 pm, an in-plane aspect ratio (WR / h) of 2 1 seems to be an optimum choice for proper biasing. Of course, one should bear in mind that the results shown in this work are indicative rather than exactly quantitative, since the edge regions immediately outside the active area are assumed to be perfectly pinned. If the edge pinning is further separated (larger track-width), the longitudinal biasing field would be smaller; therefore, the biasing level would be further reduced and the output signal increased, and the o p h u m aspect ratio may be different. A detailed analysis needs to be carried out for specific MR head dimensions and biasing details in order to accurately assess design optimization. The micromagnetic model developed here is a perfect analyzing tool for this purpose.
There are a variety of electrical connection schemes of MR heads: sensing current flowing in one MR layer biased by SAL; current flowing in two identical MR layers along opposite directions (as in the gradiometor . or along the same direction (as in a dual head). In the last case. the dual MR head (DMR) detects signals in parallel [20] , [34] , and the dual stripe (DS) head detects differentially [ll] . [15] .
[33]. Fig. 7 illustrates the transfer curves for a DMR (solid), and a DS (long dashed). The intermediate dashed curves correspond to the responses of the left and the right MR films, respectively. Identical current is passed through both MR fiis (I remaining 5x107 A/cm2). It is seen that the DMR response is symmetric to positive or negative external transverse field, and in fact detects medium transition signals differentially [34] . The DS response has a larger liraear range compared to either of the single film responses, and its sensitivity is twice of that of the single MR. As a result, the differential output signal is approximately twice as large as the MR-SAL head, and does not show any down-track pulse asymmetry related to under-biased nonlinearity.
B. Offitrack Response
The above considerations for down-track signal are important for linear density optimization. However, to achieve a high areal recording density, similar optimization for track density also needs to be considered. In order to study the off-track response, the finite track-width single transition is placed underneath the MR sensor (for MR-SAL) or below the center of the two MR films (for DMR or DS). and then it is displaced along the cross-track direction. A zero-topeak output voltage is obtained versus the off-track displacement, which serves as a measure of the cross-talk range and off-track asymmetry. Fig. 8 shows the off-track profiles for the same unshielded MR-SAL head with 1 pn sensor height. The typical write-widebead-narrow scheme is simulated by playing back a 3 pm wide written track, whereas the conventional off-track microtrack profiling [38-391 is modeled by reading a 0.5 pm wide track. The dashed curve shows the microtrack profile calculated using 3D reciprocity [28] , and it is in very good agreement with the direct calculation. It is seen that the MR-SAL head exhibits a substantial off-track asymmetry, in that the peak signal is not on track and there is a negative undershoot off to only one side of the head. This phenomenon has been well characterized using the concept of anisotropic flux propagation [12], [39] . The track misregistration caused by this asymmetry can be characterized by an effective magnetic center (MC), which bisects the integrated off-track signal 
V. ULTRA HIGH DENSITY SHIELDED AND DUAL HEADS
For ultra high density recording applications with areal densities reaching 10 GB/in2 and beyond, the dimensions of the MR heads need to be further reduced. Proper biasing and sufficient output signal become more difficult to achieve. Unshielded MR-SAL head can not satisfy the high linear density requirement in this region due to low spatial resolution. Although dual stripe heads have shown advantages in both on-track and off-track playback signals. they depend critically on the differential detection scheme. For such high density heads, the spacing between the MR elements becomes less than 500 A, rendering the electrical insulation required for differential sensing impractical. Furthermore, this detection method yields a gap null in the frequency response, that also limits the high density performance. Therefore, only shielded MR-SAL heads and dual MR heads are considered in this section for ultra high density applications.
A schematic of a shielded MR head is shown in Fig. 11 . Two semi-infinite shields with infinite isotropic permeability are assumed in this study. In the biasing calculation, the presence of the shield is taken into Bccount by using perfect 3D imaging between two parallel plates; for play-back calculations, a hybrid imaging method is utilized [40] . Both reciprocity and direct calculations are obtained and they agree well with each other. Figs. 12(a-b) show the biasing states of the shielded and the dual head, respectively. The active read trackwith is now reduced to 0.5 pm, and the sensor height is 0.3 p.
The MR thickness is 200 A. and the spacing between the two MR films is 50 A. For the shielded head, the SAL thickness is 140 and the shield-to-shield spacing G is chosen to be 0.18 pm. A large current density of 5x107 Nan2 is again utilized m assist transverse biasing.
Even with such a large current, the magnetization in SAL still can not be saturated. Therefore an exchange biasing layer is assumed to be deposited on top of the SAL layer. with an exchange field of 86
Oe applied transversely along the ydirection. As seen in Fig. 12(a) , the MR sensor is not completely biased into the optimum state, which could be a generic problem with these ultra high density heads. In Fig. 12(b) , however, both MR films are biased comparable to Fig.  12(a) , without the additional exchange field. The sensing currents flowing in both films provide the biasing field together, making proper biasing less a problem than in the MR-SAL head.
300)
, , signal is bi-polar instead of uni-polar as in MR-SAL heads, due to its sensitivity to spatially anti-symmetric signals [20] .
Fig. 14 shows the roll-off curves (on-track peak-to-peak voltage versus h e a r density) for these three heads. At low densities, the peak-to-peak voltages of the shielded and unshielded MR-SAL heads are about the same, both around 400 FV; the DMR heads (with Symmetric and Anti-symmetric edge pinnings) only have 100-200 FV (DMRA has roughly twice the signal as that of DMRS [42] ). The unshielded head signal decays with increasing density most quickly, rendering the unshielded head not practical for high density applications. The shielded head yields a D50 density of around 360 B P I . The DMR does not have as much signal at low density, however, its high density roll-off is less than the shielded head, which may be advantageous. A more detailed comparison between these heads is very important in assessing the trend of future generation of MR heads, and further development will be reported in the near future [ 421.
VI. CONCLUSIONS AND REMARKS
Small dimension magnetoresistive heads utilized as high density reproduce sensors are modeled by three-dimensional micromagnetic simulations. The biasing and playback characteristics are studied in detail, and design optimization directions are emphasized. A proper choice of the in-plane dimensions of the MR elements is crucial to achieving optimized signal output both on-track and off-track. Shielded MR-SAL head and dual MR head are among the more advantageous candidates for future ultra high density read heads. Finally, it is important to note that with the recent development of giant magnetoresistance materials [44-451. in particular. the multilayer GMR effect [46] and the spin valve effect [47] , a new area of technical application in conventional MR heads needs to be investigated. These GMR films have potentially larger signal capability due to their substantial Aplpo ratios. A similar micromagnetic study of these GMR heads is currently under development.
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